Abstract: N-(2-Hydroxypropyl)methacrylamide (HPMA) copolymer-bound doxorubicin has showed greater potency than free doxorubicin in the treatment of ovarian cancer in vivo and in vitro. The promising activity of the conjugate demonstrated in clinical trials has generated considerable interest in understanding the mechanism of action of this macromolecular therapeutic. In this study, the involvement of the mitochondrial pathway in HPMA copolymerbound doxorubicin-induced apoptosis in the human ovarian cancer cell line A2780 was investigated. Through a series of in vitro assays, including confocal microscopy, flow cytometry, and spectrofluorimetry, a significant decrease in mitochondrial membrane potential in A2780 cells treated with HPMA copolymer-bound doxorubicin was found. The most dramatic changes in mitochondrial membrane potential were observed between 2 and 12 h of continuous drug exposure. The potential of the mitochondrial membrane remained collapsed when drug treatment continued up to 24 h. For the first time, it was shown that HPMA copolymer-bound doxorubicin induces apoptosis in ovarian cancer cells by simultaneous activation of both caspase-dependent and caspase-independent pathways of DNA damage. This was determined by monitoring the translocation of the mitochondrial proteins cytochrome c and apoptosis-inducing factor to cytosol. The altered balance between anti-apoptotic and pro-apoptotic members of the Bcl-2 family of proteins was responsible for the mitochondrial function distraction. HPMA copolymer-bound doxorubicin induced a time-dependent decrease in the expression of the anti-apoptotic Bcl-2 and Bcl-x L proteins, which control cell survival. At the same time, the expression level of proapoptotic members (Bax, Bad) of the Bcl-2 family was increased under the chosen experimental conditions. Altogether, these results indicate that HPMA copolymer-bound doxorubicin induced apoptosis in ovarian cancer cells through the mitochondrial pathway.
Introduction
Since the discovery of its fundamental role in the regulation of tissue development and homeostasis through cell death, 1 the stimulation of "apoptotic machinery" 2 remains an attractive strategy for cancer treatment. An increasing line of evidence indicates that the molecular components essential for apoptosis induction are present in all cells, and only require the proper trigger.
3 Apoptosis can be initiated though multiple death receptors 4 located on the plasma membrane, or it can begin through intracellular events and pathways. 5 Regardless of how initiated, apoptotic processes typically end with the activation of cysteine proteases that cleave at aspartate residues (caspases), which are considered to be major executioners of initiated cell death. 6 The exact molecular mechanism of apoptosis is not completely clear, but it appears that a variety of key events are focused on mitochondria. 7 Alteration of mitochondrial respiration, changes in electron transport, production of reactive oxygen species, loss of mitochondrial membrane potential, induction of the mitochondrial permeability transition, and release of caspase activators are among these events. [3] [4] [5] 7, 8 The idea about the unique role of mitochondria, not only as an energy producing organelle, but also as a central regulator of cell death, was not easily accepted until the pioneering work of G. Kroemer. His team discovered that alteration of mitochondrial membrane permeabilization played a pivotal role in early steps of the apoptotic process. 9 Later, X. Wang and colleagues found that cytochrome c, an important component of mitochondrial electron chain transfer, is a caspase activator. 10 In cytosol, cytochrome c triggers the activation of a caspase cascade. Active caspases ultimately trigger the caspase-dependent DNase (CAD) in the nucleus. CAD, in turn, induces oligonucleosomal DNA degradation. 11 There are many other proteins that can be released from mitochondria upon the stimulation of apoptosis. 12,13 Apoptosis-inducing factor (AIF), for example, is released from mitochondria, translocates to the nucleus, 14 and interacts with DNA and the latent DNase cyclophilin A. 15 This interaction results in DNA fragmentation and nuclear condensation. 16 In contrast to cytochrome c, AIF-induced DNA fragmentation is caspase-independent. 17 However, despite this evidence, candidates other than mitochondria were promoted for the central role in apoptotic cell death. 18, 19 The Bcl-2 family proteins represent another class of key regulators of cell death and survival. Based on their homology to Bcl-2 and their function, members of the Bcl-2 family are divided into an anti-apoptotic group, or the Bcl-2 subfamily (Bcl-2, Bcl-xL, Mcl-1, Bcl-w, and A1/Bfl-1), and a pro-apoptotic group, including the Bax subfamily (Bax, Bak, Bok/Mtd) and the BH3 subfamily (Bik, Hrk/DP5, BimL, Bad, Noxa, Puma, Bmf, and Bid). 20 Anti-apoptotic Bcl-2 family members function by well-orchestrated interactions with pro-apoptotic family members. 21 Pro-apoptotic Bcl-2 family members, in response to apoptotic stimuli, can form heterodimers with anti-apoptotic members located in the outer mitochondrial membrane, and regulate membrane permeability. 20 Recent studies have shown that therapeutic agents may target proteins of the Bcl-2 family, affect mitochondrial outer membrane permeabilization, and initiate an apoptotic cell death. 22 (3) Debatin Chemotherapeutic agents can induce apoptosis by affecting specific organelles including nuclei, mitochondria, the endoplasmic reticulum, or lysosomes. Because macromolecular therapeutics possess a different mechanism of cell entry and intracellular distribution than free drugs, a different mechanism for the induction of apoptosis was proposed. Differences in gene expression profiles and mechanism of action when comparing free drugs with drug delivery systems has been reported by several research groups. Nishiyama et al. 23 observed differences in the gene expression profiles of nonsmall cell lung cancer PC-14 cells exposed to free cisplatin and cisplatin incorporated into polymeric micelles. Kabanov et al. 24 have found a significant change in the genomic responses of human breast carcinoma MCF7 cells when doxorubicin was combined with Pluronic, an amphiphilic triblock copolymer of poly(ethylene oxide) and poly(propylene oxide). Compared with free drug, treatment of cells with doxorubicin formulated with Pluronic block copolymer P85 significantly promoted apoptotic cell death by increasing the expression of genes of pro-apoptotic proteins and downregulating the expression of genes of anti-apoptotic proteins. 25 Differences in gene expression profiles of drugsensitive (A2780) and doxorubicin-resistant (A2780/AD) human ovarian carcinoma cells were detected after exposure to free and HPMA copolymer-bound doxorubicin in vitro 26 and in vivo 27 (Figure 1 ). It has been demonstrated that HPMA copolymer-bound doxorubicin can overcome MDR1 geneencoded resistance, 28 and activate apoptosis in human ovarian cancer cells by the Fas-independent pathway. 29 Ř íhová and colleagues noted differences in the intracellular distribution of free and polymer-bound doxorubicin in several types of tumor cells 30 and their different effects on the expression of genes involved in the regulation of cell cycle and apoptosis, 31 and suggested that HPMA copolymer-bound doxorubicin induced apoptosis in tumor cells by affecting mitochondria. However, no studies on the effects of macromolecular therapeutics on protein levels were reported. The present study elucidated the effects of HPMA copolymer-bound doxorubicin on the induction of the mitochondrial pathway of programmed cell death and the involvement of the Bcl-2 family proteins in this process.
Experimental Methods
Chemicals. DOX was a kind gift from Dr. A. Suarato, Pfizer, Milano, Italy. Stock solutions (3 mM) were prepared in distilled water, filtered through a 0.2 µm membrane, Figure 1 . Structure of HPMA copolymer-doxorubicin conjugate (P-GFLG-DOX). P is the HPMA copolymer backbone; GFLG (Gly-Phe-Leu-Gly) is a lysosomally degradable spacer. The conjugate contained 0.11 mmol of doxorubicin/g of polymer (6.4 wt %); molecular weight, M w ) 27 kDa.
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articles aliquoted, and stored at -20°C. P-GFLG-DOX (Figure 1 ; P is the HPMA copolymer backbone; GFLG (Gly-Phe-LeuGly) is a lysosomally degradable spacer) was synthesized as previously described. 32 The conjugate was extensively purified from the free drug by chromatography using a Sephadex LH-20 column (5 × 60 cm) in methanol + 0.2% acetic acid (three consecutive runs of 0.5 g of conjugate). The conjugate contained 0.11 mmol of DOX/g of polymer (6.4 wt %); molecular weight, M w ) 27 kDa; polydispersity, M w /M n ) 1.4. P-GFLG-DOX stock solutions (6 mM) were prepared in distilled water, filtered through a 0.2 µm membrane, aliquoted, and stored at -20°C. All concentrations of P-GFLG-DOX were expressed in DOX equivalents. 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was purchased from Cell Technology Inc. (Minneapolis, MN). Bovine serum albumin (BSA), Igepal CA 630, bovine pancreatic RNase A, protease inhibitors, phosphate-buffered saline (PBS), and RPMI-1640 medium were purchased from Sigma Chemical Co. (St. Louis, MO). All reagents for SDS-PAGE and Western blotting were purchased from Bio-Rad Laboratories (Hercules, CA). Fetal bovine serum (FBS), 0.05% trypsin, and 0.02% EDTA (trypsin-EDTA) solution were purchased from HyClone Laboratories (Ogden, UT).
Determination of the Amount of Free DOX in the Conjugate. Two milligrams of P-GFLG-DOX was applied to the Superdex Peptide HR 10/30 column in the FPLC/ AKTA system Pharmacia, using 0.1 M sodium acetate pH 5.5 buffer containing 30 vol % acetonitrile (UV detection). Using a flow rate of 0.5 mL/min, the polymer peak was eluted at the exclusion limit of the column (20-25 min), and the fraction corresponding to the free DOX was collected at the interval of 36.5-38.5 min (based on the calibration using free DOX). The concentration of free DOX in the fraction collected from the column was measured by fluorescence spectroscopy using fluorescence spectrophotometer LS-55 (emission spectra scanned in the range 510-700 nm, exc 488 nm, in a 1 cm cuvette). A DOX calibration curve was used for the calculation of the free drug concentration. The content of free DOX was 0.14% relative to the bound drug. This method ensures that only low-molecular weight DOX is detected and that it is sensitive in the nanomole/liter concentration range.
Antibodies. Primary antibodies used in immunoblot analysis were as follows: mouse monoclonal anti-human Bad (1:1000); rabbit Bax polyclonal antibody (1:1000); mouse monoclonal anti-human Bcl-2 (1:1000); rabbit polyclonal anti-human BCL-x L (1:400); mouse anti-human AIF (1:1000) from Santa Cruz Biotechnology Inc., Santa Cruz, CA); rabbit polyclonal anti-human Bid (1:400; Biosource, Camarillo, CA); mouse monoclonal anti-human COX-IV (1:1000, Mitosciences, Eugene, OR); and anti-human actin antibody from Oncogene Research Products (San Diego, CA). Secondary antibodies were donkey anti-goat (1:5000), bovine anti-goat (1:5000) from Santa Cruz Biotechnology Inc., goat anti-rabbit (1:8000) or goat anti-mouse (1:10000) from Southern Biotechnology Ass. Inc. (Birmingham, AL) antibodies conjugated to horseradish peroxidase, as appropriate.
Cells. The A2780 cell line, a human ovarian carcinoma was obtained from T. C. Hamilton (Fox Chase Cancer Center, Philadelphia, PA). Cells were grown in RPMI 1640 media supplemented with 10% FBS, 2 mM glutamine at 37°C in 5% CO 2 and 95% humidified air. The cells were regularly subcultured to maintain them in a logarithmic phase of growth. Cells were plated into appropriate plastic ware with an initial density 3 × 10 4 cells/cm 2 . Experiments were initiated 48 h after plating of cells, unless otherwise stated. Cells were detached by applying trypsin-EDTA for 1 min and were processed for flow cytometry or Western blot analysis as described below.
Cell Viability. Drug cytotoxicity toward A2780 cells was evaluated as described previously. 29 The IC 50 doses found were 0.05 ( 0.01 and 7.2 ( 2.5 µM for free DOX and P-GFLG-DOX, respectively (continuous drug exposure for 72 h 29 ). In this study, the induction of apoptosis was assessed at a doses 2 × IC 50, if not otherwise stated. Cell survival also was evaluated in parallel with JC-1 time course experiments. A2780 cells were plated into 6-well plates and after 48 h incubation were treated with both forms of doxorubicin at the indicated time intervals. Viable cells were determined by trypan blue dye exclusion and were enumerated in a Neubauer hemocytometer. Cell counts were performed in duplicate for each drug dose and time point, with SEM typically lower than 15%. Subcellular Fractionation. Control or treated cells (5 × 10 7 ) were washed twice with cold phosphate-buffered saline (PBS), collected, and resuspended in an isotonic buffer containing 20 mM Hepes, pH 7.5, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1 mM EDTA, and a mixture of protease inhibitors (Sigma). After 30 min on ice, the cells were homogenized for 30 strokes with a dounce homogenizer. In preliminary experiments, it was confirmed that the treatment was sufficient to disrupt 70-80% of cells. The homogenate was then centrifuged (750 g for 10 min) to pellet unlysed cells and nuclei. Supernatants were collected and centrifuged at 10000g for 30 min to pellet the mitochondria-rich heavy membrane fraction. The supernatant (cytosolic fraction) was removed, and the heavy membrane pellet (mitochondrial fraction) was suspended in lysis buffer supplemented with 1% Triton X-100. After determination of protein content, the fractions were used for an immunoblotting analysis for cytochrome c or AIF. The detection of the mitochondrial protein COX subunit IV was used to confirm that no cross-contamination of cytosolic fraction by the fractionation method occurred.
Immunoblotting. A2780 cells were incubated for 24 h with both forms of DOX. The cells were then rinsed once with PBS and solubilized with buffer containing 25 mM Tris‚ To reduce nonspecific binding, the membranes were incubated in a blocking buffer (20 mM Tris, pH 7.6, 137 mM sodium chloride, 2% BSA, 0.1% Tween-20) at 4°C overnight. Membranes were then incubated with specific primary antibodies at the indicated dilution for 1 h at room temperature, and rinsed in washing buffer (Tris-buffered saline, pH 7.6, and 0.1% Tween-20) three times for 10 min each. Blots were probed with relevant primary antibody, followed by incubation with an appropriate secondary antibody conjugated with horseradish peroxidase. Chemiluminescent signals were generated by the addition of ECL reagent (Amersham Biosciences Corp., Piscataway, NJ). Quantification of protein bands was performed using Quantity One (version 4.3.1; Bio-Rad Laboratories) software. The relative amounts of each protein were normalized to the respective signals from -actin. Mitochondrial Membrane Potential. Three different methods were employed to detect mitochondrial membrane potential changes using the fluorescent probe JC-1. JC-1, a lipophilic cationic dye, easily passes through the plasma membrane into cells and accumulates in actively respiring mitochondria. 33 The degree of accumulation of JC-1 in mitochondria depends on the membrane potential. At a low mitochondrial membrane potential, there is very little accumulation of the dye; consequently, the dye exists as a monomer that emits green fluorescence. As the mitochondrial membrane potential increases, the accumulation of the dye in mitochondria increases too. At higher concentrations the dye forms "J-aggregates". Dye aggregation leads to a shift in the fluorescence emission from green to red. J-aggregate formation is a fast and reversible process, which occurs in specific regions with higher potential, and can be used as a sensitive tool for investigating the mitochondrial membrane potential changes.
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For flow cytometry, cells were treated for 24 h with drugs in 6-well plates and were then washed three times with warm PBS. The cells were then detached with trypsin-EDTA solution. Collected cells were incubated for 15 min with 1 µg/mL of JC-1 in culture medium at 37°C in the dark. Stained cells were collected in warm PBS/2% BSA and washed twice by centrifugation. Finally, cells were resuspended in 0.3 mL of PBS with 2% BSA and used for acquisition. A FACScan (Becton Dickinson Biosciences, Mountain View, CA) equipped with a single 488 nm argon laser was used in our study. After the flow cytometer was set for green (FL-1) and red (FL-2) fluorescence, the data were collected and analyzed with Cell Quest software (BD Biosciences).
A PerkinElmer LS-55 spectrofluorometer equipped with plate reader (PerkinElmer Instruments, Norwalk, CT) was used to perform time course studies on the effects of DOX and P-GFLG-DOX on cellular JC-1 fluorescence. Adherent A2780 cells were treated with drugs or control medium in 24-well plates for the indicated time intervals and then washed two times with warm PBS/2% FBS. A prewarmed solution of JC-1 in growth media was added to wells to a final concentration of 2 µg/mL. After a 30 min incubation, the cells were washed twice with warm PBS, and fluorescence measurements were taken using 530 nm excitation (Ex)/590 nm emission (Em) for red J-aggregate fluorescence and 485 nm Ex/530 nm Em for green fluorescence. After subtraction of background, values obtained from wells containing cells without JC-1, red/green fluorescence ratios were calculated.
For fluorescence microscopy, cells were grown on 35 mm glass bottom microwell dishes (MatTek, Ashland, MA). Fresh staining solution (1 µg/mL) was prepared immediately before use by diluting a 100× stock solution of JC-1 in warm (37°C) culture medium supplemented with 10% FBS. Cells treated with drugs, as above, were incubated with JC-1 for 30 min in a 37°C CO 2 incubator. Cells were then washed twice with warm PBS and examined immediately under a laser scanning confocal microscope Olympus FluoView 1000 (Minneapolis, MN). The JC-1 was excited at 488 nm, and light emissions were collected between 515 and 545 nm (green) and at 570-600 nm (red). All image acquisitions and analyses were performed using FluoView software. The intensity of the laser beam and the photodetector sensitivity were kept constant in order to compare the relative fluorescence intensities between experiments.
Statistical Analysis. Data are expressed as mean ( SEM, where appropriate.
Results
The apoptotic changes in mitochondria can be observed either by detecting the release of mitochondrial proteins into the cytoplasm or by alterations of mitochondrial function. Because the mitochondrial membrane potential is a vital component of respiring mitochondria and is linked to many mitochondrial functions, its changes after drug treatment were observed by monitoring the intensity and shift of fluorescence emission of the JC-1 dye. The positively charged lipophilic JC-1 dye accumulates in the matrix of mitochondria because of negative potential of the inner mitochondrial membrane. 35 When a critical concentration is reached, JC-1 forms Jaggregates. Dye J-aggregates have a red fluorescence emission peak in contrast to the green fluorescence emission peak of dye monomers. As shown by Chen's group, the existence of an electrochemical gradient is necessary for the formation and maintenance of the J-aggregates in mitochondria. 35 The destruction of the normal electrochemical gradient decreases the mitochondrial membrane potential causing the loss of red fluorescence as well as an increase of cytoplasmic green fluorescence. Figure 2 shows the changes of A2780 cell fluorescence as a result of drug treatment. Untreated A2780 cells loaded with JC-1 exhibited a heterogeneous distribution of green fluorescence (JC-1 monomers) and red fluorescence (JC-1 aggregates). Some cells showed both green and redorange fluorescence (Figure 2 ). These modes of J-aggregate distribution, even in the same cell or the same mitochondria, possibly reflect the physiological modulation of mitochondrial activity in living cells. 35 Exposure of A2780 cells to both forms of doxorubicin resulted in changes in cell staining: the red-orange fluorescence regions decreased or disappeared, while green fluorescence intensity in the cytoplasm increased. It appeared that the increase of green fluorescence in the cytoplasm was more pronounced when cells were treated with P-GFLG-DOX. Observed changes in the cells' fluorescence suggest the decrease of dye aggregate accumulation in mitochondria and the diffusion of JC-1 molecules into cytosol following the increase in the permeability of the mitochondrial membrane with concomitant collapse of mitochondrial membrane potential. Analysis of cells by flow cytometry revealed a decrease in red fluorescence detectable after treatment with P-GFLG-DOX ( Figure 3A) . The percentage of cells with red fluorescence decreased from 78% (control cells) to 53%, which corresponded with an increase of green fluorescence from 22% to 47% ( Figure 3B ). Free doxorubicin induced approximately the same degree of change in fluorescence. Both drugs were used at 2 × IC 50 concentrations for 24 h. No further increase of cell population with green fluorescence was observed even when a 4 × IC 50 concentration of both drugs was used (data not shown).
JC-1 fluorescence was also examined in living cells using a PerkinElmer spectrofluorometer equipped with a plate reader. Time course studies on the effect of HPMA copolymerbound DOX revealed a rapid decrease in mitochondrial membrane potential, as determined from the ratio of red/ green fluorescence ( Figure 4A ). Within the first 2 h of exposure to 0.05 µM DOX or 7.0 µM P-DOX, the red/green ratio declined to 45% or 26% of control, respectively. The most dramatic changes in mitochondrial membrane potential were observed between 2 and 12 h of continuous drug exposure. The mitochondrial membrane potentials remained collapsed when drug treatment continued up to 24 h. Monitoring of cell viabilities during time course experiments with the dye exclusion assay revealed no significant changes in the number of living cells during the first 24 h of continued drug exposure ( Figure 4B ). This data confirmed that mitochondrial function changes are the result of intracellular events, and do not depend on the integrity of the plasma membrane. A decrease of mitochondrial membrane potential is often accompanied with an alteration of the mitochondrial membrane and the translocation of mitochondrial proteins to the cytosol. To check whether P-GFLG-DOX-induced mitochondrial potential collapse was accompanied by a translocation of mitochondrial proteins, the levels of cytochrome c in mitochondrial and the cytosolic fractions of A2780 cell lysates were assayed using Western blot analysis. The presence of cytochrome c was discovered in the cytosolic fraction of A2780 cells treated with both forms of doxorubicin, whereas no cytochrome c was found in the cytosolic fraction of untreated control cells ( Figure 5 ). In addition, the release of AIF from mitochondria to the cytosol was detected when A2780 cells were treated with both forms of doxorubicin. The presence of other mitochondrial proteins, such as COX subunit IV, was not detected in the cytosolic fraction, confirming that an appropriate cell fractionation technique was used ( Figure 5 ).
The maintenance of mitochondrial membrane integrity is highly dependent on the Bcl-2 family of proteins. These proteins play a critical role in the formation of mitochondrial membrane transition pores and the prevention of mitochondrial membrane potential loss. 22 A2780 cells were treated with both forms of doxorubicin for different period of times, followed by immunoblot analysis as described in Experimental Methods. It was found that the exposure of A2780 cells to both forms of doxorubicin resulted in a decreased expression of the anti-apoptotic proteins Bcl-2 and Bcl-x L . It appeared that the most pronounced effect on Bcl-2 expression was observed when cells were treated with P-GFLG-DOX for 24 or 48 h ( Figure 6A ). Also, P-GFLG-DOX inhibited the expression of Bcl-x L by 25% compared to control, whereas free DOX slightly stimulated the expres- sion of Bcl-x L by about 10% (Figure 6B,C) . The expression levels of pro-apoptotic proteins, Bax and Bad, were slightly increased, but no significant differences in the effects of the two forms of DOX were observed ( Figure 7A,B) . It appeared that the expression of another pro-apoptotic protein (Bid) decreased significantly ( Figure 7B ). However, since the antibodies used were only capable of recognizing the fullsize protein, the decreased amount of protein detected may only indicate truncation of Bid in the cytosol.
Discussion
Prior studies in our laboratory showed that incubation of human ovarian carcinoma A2780 cells with P-GFLG-DOX, as well as free DOX, resulted in the initiation of specific cellular events related to apoptosis. HPMA copolymer-bound doxorubicin-induced cell death was manifested by phosphatidylserine translocation in the plasma membrane, 29, 36 activation of caspases on the gene 37 and protein 29 levels, and an increase in the number of Fas receptors on the plasma membrane. 29 However, it was found that the Fas receptor pathway was not decisive in the induction of apoptotic cell death in A2780 cells. 29 Since two major pathways of apoptosis are known, an investigation of involvement of the mitochondrial pathway in apoptosis induced by HPMA copolymer-bound doxorubicin was performed. The data presented in this study point to an important role for the mitochondrial pathway during P-GFLG-DOX-induced apoptosis.
Intensive studies over the past decade recognized mitochondria as the most important organelle involved in apoptosis initiation and regulation. To examine the functional activity of mitochondria, we monitored changes of the mitochondrial membrane potential with the fluorescent dye JC-1. The shift in the dye emission spectrum from red to green fluorescence was observed after treatment of cells with P-GFLG-DOX. Changes of the JC-1 dye fluorescence indicate the reduction of dye aggregate accumulation in mitochondria because of the decrease of mitochondrial membrane potential. Monitoring changes of the JC-1 dye fluorescence indicated that the collapse of the mitochondrial membrane potential induced by P-GFLG-DOX was a fast process. The ratio of red to green fluorescence dramatically decreased within the first 2-12 h and remained at a reduced level up to 24 h over the continuing observation. No significant changes in the permeability of plasma membrane were observed for the same period, confirming that impairment of mitochondrial function is not a consequence of apoptosis-associated damage to the plasma membrane.
A decrease of mitochondrial membrane potential is an indication of permeability transition pore opening. In eukaryotic cells, mitochondrial membrane permeabilization is an important event highlighting the "point of no return" in the death process. 38 Studies performed in the laboratory of Dr. Kroemer suggested that injuries to mitochondrial function are mediated by the permeability transition complex. 39, 40 The permeabilization of the outer or inner mitochondrial membrane occurred upon induction of apoptosis by multiple cell death stimuli. In response to these stimuli, mitochondria can release several apoptogenic proteins that normally reside in the intermembrane space between the outer and inner mitochondrial membranes. 41 To check whether mitochondrial membrane potential depletion accompanied increased mitochondria membrane permeabilization and mitochondrial proteins release, the presence of cytochrome c and AIF was examined in cytosol. Western blot analysis revealed the presence of cytochrome c in the cytosolic fraction of A2780 cell treated with P-GFLG-DOX ( Figure 5 ). It is known that cytochrome c, upon release into the cytoplasm, promotes formation of the apoptosome, a multimeric Apaf-1/cytochrome c complex, 42 and triggers the activation of the caspase cascade. 43 Caspase activation ends with the activation of CAD, following CAD translocation to the nucleus and oligonucleosomal DNA fragmentation. 44 Moreover, it was reported recently that mitochondria can release other apoptogenic proteins such as Smac/Diablo and HtrA2/Omi. [45] [46] [47] These proteins also facilitate their apoptogenic potential through caspase activa-tion. 48, 49 The data presented here are consistent with our previous observation that HPMA copolymer-bound doxorubicin induced activation of caspase 3 and caspase 9 in A2780 cells. 29 Moreover, another protein usually located in the intermembrane space of mitochondria, AIF, was found in the cytosolic fraction of A2780 cells treated with P-GFLG-DOX ( Figure 5) . In response to apoptotic stimuli and increased outer mitochondrial membrane permeability, AIF, a 57 kDa flavoprotein, translocates to the nucleus, binds to DNA, and induces DNA fragmentation with the formation of large 50 kb fragments. 13, 17, 50 It is important to note that AIF does not cleave DNA by itself 49 but, rather, engages a nuclear endonuclease to perform DNA fragmentation and chromatin condensation, the hallmark events of apoptotic cell death. 16 It is interesting that even AIF-induced DNA fragmentation is caspase-independent; caspase activity is necessary for AIF escape from mitochondria to the cytosol. 51, 52 Similar to AIF, endonuclease G translocation from the mitochondria to the nucleus resulted in DNA fragmentation independent of caspases. 50 The finding that P-GFLG-DOX could induce the release of AIF from mitochondria and initiate caspaseindependent apoptosis supports our previous observation 29 that programmed cell death in A2780 cells probably takes place in the "type II" mode. 53 These data suggest that caspase activation is not the only pathway of apoptotic cell death induction by P-GFLG-DOX. Other cellular events following drug treatment are able to induce cell death even in the absence of caspase activation. Release of cytochrome c can potentially block electron transfer and increase the production of reactive oxygen species with subsequent lipid peroxidation. 54, 55 In our previous studies, it was found that P-GFLG-DOX was more effective than free doxorubicin in altering mitochondrial metabolism, inducing lipid peroxidation, and reducing cellular DNA content. 26, 56 All these changes are closely related to the depletion of mitochondrial membrane potential, increased permeability transition, and the release and translocation of apoptogenic proteins to the nucleus.
The integrity of the mitochondrial outer membrane, mitochondrial permeability, and the release of mitochondrial proteins to the cytosol highly depend on the activity of members of the Bcl-2 protein family. [19] [20] [21] The involvement of this group of proteins in apoptotic processes has been intensively studied for the past decade; nevertheless, the precise molecular mechanism of the regulation of mitochondrial homeostasis by Bcl-2 family proteins remains unknown. 57 However, it is clear that the commitment of cells to die partially depends on the balance between pro-apoptotic proteins, such as Bad and Bax, and anti-apoptotic proteins that promote cell viability, such as Bcl-2 and Bcl-x L .
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Because it was shown that P-GFLG-DOX causes mitochondrial dysfunction and release of mitochondrial proteins to the cytosol, we evaluated whether HPMA copolymerbound doxorubicin affects the expression of the Bcl-2 family of proteins in A2780 cells. P-GFLG-DOX downregulated the expression of Bcl-2 in a time-dependent manner and also decreased the expression of Bcl-x L. . These findings correlate well with our previous observation that P-GFLG-DOX could downregulate the expression of Bcl-2 in A2780 cells on the gene level. 37 Concurrently, P-GFLG-DOX increased the expression of pro-apoptotic proteins Bax and Bad ( Figure  7 ). It appeared that P-GFLG-DOX could affect the ratio of pro-apoptotic to anti-apoptotic proteins of the Bcl-2 family, critical for a cell's decision to die or not to die. The expression level of another pro-apoptotic protein Bid was lower than in the control, when cells were treated with both forms of DOX. This might indicate a possible cleavage of Bid in the cytosol and the formation of truncated tBid, which interacts with anti-apoptotic proteins in the outer mitochondrial membrane and initiates apoptosis.
In spite of intensive studies, the mechanism for cell cytotoxicity of P-GFLG-DOX has not been completely understood, and the results may sometimes appear contentious. The lack of a consensus theory for the mechanism of action of the free form of DOX, and insufficient knowledge about the intracellular fate and molecular targets of polymerbound DOX, are among the reasons for the apparent discrepancies.
Free DOX may closely associate with the plasma membrane. In fact, plasma membrane has been suggested as the "most sensitive drug target" for DOX. 58 However, this interaction is not relevant to P-GFLG-DOX, since the drug is shielded by the hydrophilic polymer coil. 59 At the intracellular level, DOX could be responsible for multiple effects, including free radical formation, lipid peroxidation, inhibition of DNA topoisomerase II, DNA intercalation, DNA binding, alkylation, and cross-linking; inhibition of DNA replication, induction of DNA damage, cell growth arrest, and induction of cell differentiation and apoptosis [reviewed in ref 60] . The involvement of cytoplasmic components, especially mitochondria, in the apoptotic process induced by anthracyclines was also reported. 61 It was demonstrated that Bak activation resulted in cytochrome c release into the cytosol, followed by caspase cascade activation. 62 It was proposed that DOX induces mitochondrial malfunction through nonspecific oxidative damage of the outer and inner membranes, or through direct interaction with mitochondrial DNA, or by interacting with enzymes involved in cell respiration. 63 In addition, DOX may inhibit the activity of mitochondrial cytochrome oxidase (COX) by downregulating the expression of COX genes on both the mitochondrial and nuclear level. 64 Upon internalization by endocytosis, the polymer-bound form of the drug can interact with intracellular molecular targets either in the endosomal/lysosomal compartment or, upon release of the free drug into the cytoplasm, with targets in the nucleus and other membrane-bound organelles. 59, 65 The accumulation of DOX at or inside mitochondria is one likely scenario. Depending on the concentration reached, DOX could directly or indirectly block the respiration chain, inhibit enzymes, initiate an oxidative stress that would then damage mitochondrial membranes, or interact with the members of the Bcl-2 family. The data presented here has shown that P-GFLG-DOX induces apoptosis in A2780 cells by altering mitochondrial function, as indicated by the change of mitochondrial membrane potential, and release of cytochrome c and AIF into the cytoplasm. It is probable that the observed changes in mitochondrial function were mediated by the Bcl-2 family of proteins. However, the exact molecular target(s) and the sequence of events involved in cell death resulting from exposure to P-GFLG-DOX require further clarification.
Conclusions
Our results suggest that, during apoptosis induced by free doxorubicin and HPMA copolymer-bound doxorubicin, mitochondrial dysfunction occurs. This was determined to be mediated through mitochondrial events, associated with a decrease in mitochondrial membrane potential, cytochrome c and AIF release, and downregulation of anti-apoptotic proteins of the Bcl-2 family. Further work is needed to evaluate the differential involvement of the Bcl-2 family proteins and the exact sequence of events resulting in disruption of mitochondrial function during apoptosis induced by HPMA copolymer-bound doxorubicin.
